Sub-micrometer diameter Cu particles fabricated in air by wet synthesis at 80 C for 2 h were immersion plated with Ag to produce an inexpensive conductive paste ller aimed at achieving ne printed patterns. Increasing the volume ratio of hydrazine hydrate to ammonium hydroxide used during wet synthesis was found to accelerate the rate of reduction and increase the yield of Cu particles to as much as 97.56% when an optimal ratio of 3:7 was used. The resulting particles (average size = 0.56 μm) exhibited excellent dispersion, with the use of an optimal Ag concentration of 15 mass% in their subsequent immersion plating producing a continuous Ag shell and a 0.62 μm average diameter. Increasing the Ag concentration beyond this, however, resulted in abrupt agglomeration between the particles, as well as the formation of cavities and spherical pure Ag particles. Those particles produced under optimal conditions experienced only a slight weight increase of 0.4% after 75 min exposure to air at 150 C, suggesting that they have an excellent resistance to oxidation at this temperature.
Introduction
With continued focus on reducing materials cost in the packaging of electronics, there has been a recent surge in industrial and academic interest in Ag-coated Cu particles. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The reason for this is that if an Ag coating layer can prevent the Cu oxidizing during curing in air at temperatures less than 200 C, then the Ag-coated Cu particles can be used as a more price competitive alternative to Ag ller materials currently used in the preparation of conductive pastes; i.e., the electrical conductivity of Cu is comparable to that of Ag. Furthermore, this should make it possible to reduce the size of the ller particles to around one micrometer or less, thereby keeping up with the trend in electrode printing toward producing ne patterns with dimensions narrower than the present level of 40-50 μm.
Wet chemical synthesis allows for the preparation of particles with dimensions of one micrometer or less, which cannot be fabricated by the atomization of molten metal, as well as the preparation of particles measuring just nanometers in diameter. A narrow particle size distribution can be ensured by adjusting the conditions of the wet process, thereby eliminating the need for post-process size classi cation. Of the reducing agents that have been used to induce a fast reduction of metal ions, or reduce the temperature of wet chemical synthesis, hydrazine hydrate has been reported as being a suitable reductant for the fabrication of Cu particles of one micrometer or less in size. [11] [12] [13] Furthermore, with the addition of a proper dispersing agent, particles synthesized with hydrazine hydrate exhibit excellent dispersion. 12) Immersion plating is a simple wet process that is suitable for applying successive Ag layers onto a Cu core particle. To prevent or suppress the oxidation of a Cu core particle, the preparation of Ag shell completely covering the Cu particle is indispensable. Any discontinuous Ag coating method using Cu core particles dried after the wet synthesis can fail to accomplish complete coating due to surface oxidation, whereas the successive Ag plating will do not. As an example of such a method, Hai et al. synthesized 5 μm-diameter Ag-coated Cu particles and investigated their thermal oxidation properties, 9) and yet though they observed dewetting of the Ag layer on the Cu surface as it reacted at temperatures approaching 200 C, the long-term oxidation behavior at 150 C was not described. Given that the most common curing temperature used for conductive pastes is 150 C, there is clearly a need to examine the oxidation behavior of Ag-coated Cu particles at this temperature.
In this study, Cu core particles with a sub-micrometer diameter and excellent dispersity are rst synthesized by an ammonium hydroxide-based chemical synthesis method using hydrazine hydrate and sodium tripolyphosphate. Immediately following the synthesis, immersion plating with different Ag concentrations is continuously conducted and the oxidation resistance of the resulting Ag-coated Cu particles is assessed.
Experimental Procedure
The synthesis of the Cu particles was carried out using copper(II) sulfate pentahydrate (CuSO 4 ·5H 2 O, ≥98.0%) with ammonium hydroxide (NH 4 OH, 28-30% NH 3 base) as the solvent and complexing agent, respectively, hydrazine hydrate (N 2 H 4 ·xH 2 O, N 2 H 4 50-60%) as the reductant, and sodium tripolyphosphate (Na 5 P 3 O 10 , 85%) as a dispersant. All chemicals were used as received from Sigma-Aldrich Co. without any further processing or puri cation.
A detailed procedure for the synthesis of the Cu particles is as follows. First, 1.335 M of copper(II) sulfate pentahydrate and 0.136 M of sodium tripolyphosphate was dissolved in 70 ml of ammonium hydroxide under magnetic stirring for 20 min to produce what is hereafter referred to as Solution I. A second solution (Solution II) was then prepared by mixing 50 ml of hydrazine hydrate in 50 ml of ammonium hydroxide over 20 min of stirring. A 100 ml aliquot of Solution II was then added dropwise to Solution I while stirring within a three-neck ask over 330 s. This ask was then sealed and the mixture heated to 80 or 90 C with a heating-mantle for 20 min under continuous stirring. Finally, the mixture was allowed to cool to room temperature over 60 min. All of these aforementioned processes were conducted in air. In order to determine the optimal concentration of reductant, this procedure was repeated in full with different volume ratios of hydrazine hydrate and ammonium hydroxide in the 100 ml of Solution II.
To ensure successive plating of the Cu particles with Ag following their synthesis, the reaction mixture (containing residual impurities) was centrifuged at 10000 rpm for 15 min and the ammonium hydroxide solvent was extracted and replaced. This extraction and washing process was performed three times, after which 10 g of the Cu particles was mixed with 170 ml of fresh ammonium hydroxide. A precursor solution was prepared for the Ag plating by dissolving given amounts of silver nitrate (AgNO 3 , ≥99.5%, Nanjing Chemical Reagent Co.) in 50 ml of ammonium hydroxide for 10 min while stirring. This precursor solution was then added dropwise to the Cu particle mixture under continuous stirring at 300 rpm for 5 min; the complete mixture then being stirred for an additional 2 min. The amount of silver nitrate in the precursor solution was calculated to give Ag contents of 3.75, 7.5, 15, 20, 25, and 30 mass% relative to the total metal weight, which was based on the assumption that the added Ag precursor was fully reduced. Prior to recovering the Cu or Ag-coated Cu particles from solution, they were washed three times using ethanol and separated from the liquid phase by centrifuging at 1000 rpm for 15 min. After decanting the supernatant liquid, the particles were dried in a vacuum chamber at room temperature.
The size and morphology of the fabricated particles were analyzed using a eld-emission scanning electron microscope (FESEM, JSM-6700F, JEOL Co.) and their phase composition was determined by X-ray diffraction (XRD, X pert PRO-MPD, PANalytical). Scanning transmission electron microscopy (STEM, Tecnai G 2 F30ST, FEI Co.) was also carried out to determine the quality of the Ag plating layer on a Cu particle in cross section. To evaluate the resistance to oxidation of a conductive paste made from these Ag-coated Cu particles at a typical curing temperature, thermogravimetric-differential scanning calorimetry (TG-DSC, TG-DSC, Q600, TA Instruments) analysis was performed in air at 150 C with a heating ramp rate of 20 C/min.
Results and Discussions
In the synthesis of the Cu particles, the initial chemical reaction is that which occurs during the preparation of Solution I:
With the addition of Solution II, which contains hydrazine hydrate, Cu 2 O particles are formed as an intermediate phase through the reaction:
This Cu 2 O then slowly transforms into Cu particles through the dissolution of the oxide and the reduction of Cu(I) ions in the presence of remaining hydrazine reductant:
14-16)
The SEM images in Fig. 1 show Cu particles that were synthesized for 20 min at different temperatures using 0.136 M of sodium tripolyphosphate, thus giving 50 ml of hydrazine hydrate and ammonium hydroxide in Solution II. Note that the particles in both samples have a uniform polygonal shape, but the average size of the particles is slightly different between the two; i.e., the particles synthesized at 80 C were 0.82 (σ = 0.20) μm in size, while those produced at 90 C were 0.75 (σ = 0.24) μm. In Fig. 2 , we see that the sample synthesized at 80 C shows some evidence of there still being a small amount of Cu 2 O phase present, whereas the 90 C sample shows no indication of any phase other than Cu. This conrms that an increase in process temperature increases the rate of chemical reduction, meaning that the concentration of reduced Cu atoms increases with temperature to a critical super saturation level at which burst nucleation is initiated. [17] [18] [19] [20] Heating to a higher temperature results in an increase in the number of initial nuclei and a decrease in atoms available for the growth of formed particles, which ultimately means that particles with a smaller average size are obtained when synthesis is conducted at elevated temperatures. Consequently, 90 C was chosen as most suitable reaction temperature for synthesizing core particles of Cu. Figures 3 and 4 present SEM images and XRD results, re- spectively, of particles synthesized at 90 C for 20 min using different volume ratios of hydrazine hydrate and ammonium hydroxide in Solution II. It is evident in Fig. 3 that the mean size of the particles slightly decreases from 0.83 μm to 0.56 μm with an increase in the hydrazine hydrate to ammonium hydroxide ratio from 0.5:9.5 to 3:7. However, the particle size increased to 0.75 μm when using a ratio of 5:5. The XRD results in Fig. 4 show that the sample produced with a ratio of 0. Fig. 3(a) . This suggests that an increase in the amount of hydrazine hydrate reductant can accelerate the reduction process and can induce more burst nucleation, thereby increasing the number of nuclei [17] [18] [19] [20] and reducing the nal size of the particles. The increase in size observed in the sample with a ratio of 5:5 is attributed to an increase in agglomeration due to collision between primary Cu particles that are explosively formed during synthesis in the absence of a surfactant. [21] [22] [23] The yield of Cu particles obtained through synthesis at 90 C for 20 min with different volume ratios of hydrazine hydrate to ammonium hydroxide, as shown in Fig. 5 , was calculated by dividing the weight of Cu particles obtained by the weight of Cu in the precursor. This reveals that with an increase in the amount of hydrazine hydrate, the yield of Cu particles is gradually increased. Thus, although 5 ml of hydrazine hydrate in 100 ml of Solution II (hydrazine hydrate:ammonium hydroxide = 0.5:9.5) produces a minimum yield of 33.32%, this increases to 97.56% when the added amount of hydrazine hydrate in Solution II is increased to 30 ml. Beyond this point the yield is saturated, increasing to just 98.57% with the addition of 50 ml of hydrazine hydrate. The optimal ratio of hydrazine hydrate to ammonium hydroxide to use in the synthesis process was therefore determined to be 3:7 based on the purity of the Cu phase, the dispersion of the synthesized particles (Figs. 3 and 4) , and the yield (Fig. 5) .
Following the synthesis of Cu particles with an optimal ratio of hydrazine hydrate to ammonium hydroxide (3:7) and replacement of the solvent with clean ammonium hydroxide, Ag plating was performed. + complex ions (+0.38 V) are also formed during the preparation of the Ag precursor solution. 11, 24, 25) This decrease can improve the stability of the complex and reduces the likelihood of free Ag particles forming in the solution. 5, 11) The SEM images and XRD results in Figs. 6 and 7 , respectively, show the Cu particles after immersion plating with different Ag contents. It is apparent from this that increasing the amount of Ag in the plating solution increases the intensity of the XRD peaks for Ag, particularly the Ag(111) peak. The particle size, as measured from the SEM images, also gener- 26, 27) This incomplete plating of Ag can be explained by inadequate galvanic displacement caused by using an insuf cient amount of Ag in the solution. Increasing the Ag content of the precursor solution reduces the non-plated area on the surface of the Cu particles, which is why holes were scarcely observed on particles plated with solutions containing more than 3.75 mass% Ag.
Copper particles plated with a 20 mass% Ag solution [ Fig. 6(d) ] were found to rupture occasionally. Spherical particles with smooth surfaces were also observed in the samples, with their size gradually increasing with the Ag content of the precursor solution. The composition of these spherical particles can be determined from the cross-sectional backscattered electron (BSE) images in Fig. 8 , which when combined with the XRD results in Fig. 7 , reveals that that the white and grey regions are Ag and Cu phases, respectively. Hence, the cross-sectional images of the spherical particles in Fig. 8 reveal them to be a pure Ag phase. These pure Ag particles were readily observed in the sample prepared from a precursor solution of 20 mass% Ag, but grew larger in size when using precursor solutions with 25 and 30 mass% Ag. It is evident from this that an excess of Ag in the precursor induces the creation and growth of free Ag particles during plating. The cross-sectional BSE images of the sample produced from a 20 mass% Ag precursor showed evidence of cavities in the interior of the ruptured particles that are assumed to be formed through an excessive galvanic displacement reaction between [Ag(NH 3 ) 2 ]
+ complex ions and Cu atoms due to the high Ag concentration. Thus, an Ag concentration of less than 20 mass% is optimal for preventing the formation of free Ag particles and ruptured particles. The thinness of the Ag plating layer meant that it was not clearly observed, as only some Cu particles exhibited a thick Ag plating layer. Figure 9 presents cross-sectional element mapping images of Cu particles plated with precursor solutions containing dif- ferent amounts of Ag. This mapping was not performed in the core of the particle due its size (several hundreds of micrometers), but rather only the surface of the particle was examined. Nevertheless, these images clearly show the existence of the Ag layer on the Cu surface, something that was not easily observed by BSE. We see from this that plating with a 3.75 mass% Ag solution produces an intermittent Ag layer on all of the Cu particles, which is indicative of discontinuous plating. The continuity of the Ag plating layer was enhanced by increasing the solution concentration to 7.5 mass% Ag, but the layer continuity was still de cient. Only when plating with a 15 mass% Ag solution was a near-continuous layer of Ag achieved, as shown in Fig. 9(c) ; however, this continuity will not be perfect in practice given that the lack of any further reductant addition means that the ionization/dissolution sites of Cu donating electrons will remain. This slight incompleteness to the plating layer could have an effect on the oxidation resistance of the Ag-coated Cu particles, thus having a signi cant in uence on the formation of conduction paths through contacts between ller particles. Full-coverage Ag plating of the Cu particles was approached with an increase in the Ag content in the precursor solution, but this also produced abnormal growth of the Ag layer and the formation of free Ag particles (Figs. 6 and 8) . When a reductant is not used, this abnormal process can proceed only through the continuous donation of electrons at sites not plated with Ag. However, this electron donation invariably requires the proportional ionization/dissolution of Cu atoms, which in turn results in the formation of cavities in the interior of the ruptured particles (Figs. 6 and 8). Figure 10 presents a TG-DSC graph for pure Cu particles and Ag-coated Cu particles plated with different Ag precursor solutions in air at 150 C. Interestingly, all samples exhibit an exothermal peak and a gradual increase in weight with oxidation, but the oxidation rate differed between samples. For example, the weight increase of the pure Cu sample was 2.3% after 75 min, whereas the weight increase of the Cu samples plated with 3.75 and 7.5 mass% Ag solutions was much less at 1.6 and 1.4%, respectively. Only a very slight weight increase of 0.4% was measured in the case of the Cu sample plated with a 15 mass% Ag solution, indicating that it has excellent oxidation resistance. However, the slight oxidation that was observed does indicate there are still limitations to the immersion plating process used in this study, in that oxi- dation can still occur at non-plated areas of the Cu particle s surface. That oxidation will induce a high resistivity in the resultant printed patterns after curing at 150 C. Given that the above-mentioned mechanism of Ag plating, Ag plating methods using a reductant will be more effective in forming fullcoverage of Ag shell than present Ag plating only using galvanic displacement.
Conclusions
The SEM and XRD analysis has demonstrated that an increase in the volume ratio of hydrazine hydrate to ammonium hydroxide in Solution II from 0.5:9.5 to 3:7 results in a decrease in the average size of particles from 0.83 μm to 0.56 μm, eliminating any trace of the Cu 2 O phase by accelerating the reduction process. The yield of Cu particles from this optimal solution ratio of 3:7 approached 97.56%, with all particles exhibiting excellent dispersion. The intensity of the Ag peaks in the XRD spectra of Cu particles plated with Ag increased along with the overall particle size as the amount of Ag in the precursor solution was increased to 15 mass%, which indicates the formation of a more developed Ag shell. This was subsequently con rmed through cross-sectional TEM element mapping images. Using a precursor solution containing 15 mass% Ag for plating produced Ag-coated Cu particles with an average diameter of 0.62 μm that had a near-continuous Ag shell. These experienced a weight increase of just 0.4% after oxidation in air at 150 C for 75 min, which when compared to the 2.3% increase of pure Cu particles, represents an excellent oxidation resistance.
